Abstract
Introduction
In recent years, autonomous underwater vehicles (AUVs) have great advantages in the area of oceanic research [1] . AUVs should have a bottom navigation ability to follow the bottom profile at a constant altitude as a basic feature for successful undersea search and survey, maritime reconnaissance, communication/navigation aids and tracking and trailing in uncharted shallow water [2] . This type of AUV considered in this work is equipped with two identical back thrusters mounted symmetrically with respect to its longitudinal axis. Especially, the AUV is underactuated since it lacks any vertical thruster. In addition, AUVs' kinematic and dynamic models are highly nonlinear and coupled, making control design a hard task [3] .
Path following control is important in the field of AUV control. It refers to the case where an AUV follows a predefined path without any temporal specifications. Some researchers have studied the problem in recent years by using different techniques. The problem of following straight lines by using input-output linearization and sliding mode control was addressed [4] . The experimental tracking results for a model ship using Lyapunov-based controllers were presented [5, 6] . Two tracking solutions for a surface vessel were proposed, based on Lyapunov's direct method and passivity approach [7] . A path following controller to follow straight lines based on cascade approach and feedback linearization techniques was designed [8] . To follow both straight line and curve, the Serret-Frenet frame was used to study the path following control [9] [10] [11] . As a kind of special path following, the bottom-following of AUVs has been studied. A bottomfollowing controller was designed for autonomous underwater vehicles (AUVs) that take explicitly into account the bathymetric characteristics ahead of the vehicle measured by two echo sounders [12] . An increment feedback control method based on nonlinear iterative sliding mode control was presented for bottom-following, and the problem of chattering by the hydroplane is circumvented [13] . The Takagi-Sugeno decision approach was applied to the bottom-following control that is discomposed into forward speed control and depth control [14] .
Problem Formulation
This section describes the kinematic and dynamic equations of motion of the AUV depicted in Figure 1 in the vertical plane in the presence of ocean currents and formulates the problem of steering it along a desired path. The desired path is identical with the path that is formed from the bottom profile and has equivalent altitude with the bottom profile path. The control inputs are the thruster surge force and the thruster pitch torque. The AUV has no verical thruster, so the AUV is underactuated. 
where q is the angular velocity of the AUV, Neglecting the equations in sway, roll and yaw, the simplified equations for surge, heave and pitch can be written as [15] XM denotes the input vector of force and torque that is applied to the AUV. In the equations, and for clarity of presentation, it is assumed that the AUV is neutrally buoyant and that the centre of buoyancy coincides with the centre of gravity.
Bottom-Following: Error Coordinates
Consider Figure It is also straightforward to compute the velocity of
Using the relations
Replacing the top two equations of (2) 
With the above notations, the bottom-following problem of the AUV can be formulated as follows:
Consider the AUV model given by (1) and (3). Given a desired path having identical altitude with the bottom profile path to be followed and a desired profile 
Adaptive Bottom-Following Controller Design
This section proposes a nonlinear adaptive control law to regulate the underactuated AUV along a desired bottom path in the presence of constant known ocean currents and parametric model uncertainties. The design of controller is implemented in three steps. The first step yields a kinematic controller by adopting q as a "virtual" control input, and by assuming that the actual surge velocity equals with the desired velocity d u . The second step addresses control laws for the "real" input X and M . The third step applies adaptive control law to ensure robustness against uncertainties in the model parameters.
Kinematic Controller
This section derives a kinematic controller for the AUV. We let 
Let the ideal kinematic laws for s and q be defined as Equation (9), then (10) 
Dynamic Controller
The above control law is derived in the kinematic model of the AUV. This control law can be extended to the dynamic model using backstepping techniques. 
Let the laws for X and M be defined as Equation (11), then (13) becomes An extra degree of freedom for controller design is introduced, i.e., the velocity of vertical AUV on the desired path. Actually, the virtual AUV can reduce the velocity of itself or even wait for the real AUV when the real AUV is behind to it. Naturally, the virtual AUV will increase its velocity to catch up with the real one till their velocities are identical. It can be seen that the virtual AUV can regulate its velocity along with the real AUV.
Parameter Adaptation
So far, it is assumed that the AUV model parameters are known precisely. This assumption is unrealistic. In this section, the control law is tackled to ensure robustness against uncertainties in the model parameters. Consider the set of parameters of the AUV model concatenated in the vector 
where
The above results play an important role in the proof of the following theorem that deals with the AUV model parameter uncertainty.
Theorem 3. Consider the model of the AUV described in (1), (3) and the desired approach angle defined in (8) , together with the control law (14) and the parameter adaptation law (15) . Then The initial AUV parameters are set as following: 
Slope Path
In this section, we consider a polynomial parameterization of the form as Figure 3 and Figure 6 show good system reactions, i.e. the AUV converges to the desired path whether it is a straight line or a curve in the presence of known ocean currents and parametric model uncertainties. Velocity stabilization is shown in Figure 4 and Figure 7 . It can be seen that the velocity u tends to the desired velocity 1/ d u m s  . Figure 5 and Figure 8 show the control force X and the control torque M needed for the bottom following control. After the AUV converges to the desired path, the control torque tends to zero. The constraint conditions of pitch velocity persistent excitation are not required.
Conclusions
In this paper, we have proposed an adaptive bottom-following control laws for the underactuated AUV in the presence of constant ocean currents and parameter uncertainties. An extra degree of freedom for controller design has been introduced so that the "virtual AUV" could regulate its velocity along with the "real AUV". Controller designs rely on backstepping techniques and Lyapunov theory. The proposed control laws can ensure robustness against uncertainties in the model parameters. Simulation results have demonstrated the validity of the designed bottom-following control scheme.
